ABSTRACT The presence of the two mutations T929I-L932F in the voltage-sensitive sodium channel gene associated with permethrin resistance (kdr-like) was shown in head louse, Pediculus humanus capitis De Geer, populations in Denmark. The existence of one susceptible and one T929I-L932F haplotype based on the limited single nucleotide polymorphism (SNP) of these sequences was established. One louse had an SNP causing a G943A substitution in the trans-membrane segment Þve of domain II on the sodium channel, which has not been identiÞed in other insect species. A polymerase chain reaction-restriction endonuclease method using genomic DNA to discriminate between resistant and susceptible alleles in head lice was developed and implemented. The SNP that results in the T929I substitution also creates a cutting site for the restriction endonuclease SspI, and the presence of one or two SspI cutting sites in head lice is diagnostic for the T929I-L932F haplotype.
THE HEAD LOUSE, Pediculus humanus capitis
De Geer, is a prevalent pest of human populations. It is frequent among school children to Ϸ12 yr, and in recent years the problem seems to be increasing in many parts of the world (Burgess 2004) . A rise in sales of pediculicides and widespread anecdotal reports of treatment failures in Denmark as well as documentation of widespread resistance in head lice in England (Downs et al. 2002) , Australia (Hunter and Barker 2003) , and Argentina (Picollo et al. 1998) suggest that resistance to the insecticides used in pediculicides could be increasing.
Recently, three point mutations (M815I, T929I, and L932 F) in the voltage-gated sodium channel ␣-subunit were associated with permethrin resistance in head lice from United States and the United Kingdom as well as Japan (Lee et al. 2000 , Tomita et al. 2003 . The three mutations are found together and probably coexist as a haplotype; it can be speculated that it is a worldwide head lice permethrin resistance haplotype. The T929I mutation has been functionally validated as a knockdown resistance, kdr, type in the diamondback moth, Plutella xylostella (L.), and recently in the head louse by expression in Xenopus oocytes (Vais et al. 2001 , Lee et al. 2005 . One additional mutation, D11E, has been identiÞed, but it is unlikely to be involved in insensitivity of the sodium channel, because it is conservative, located in an N-terminal inner membrane segment, and found in susceptible body lice , Tomita et al. 2003 .
Increased frequency of the kdr-like T929I-L932F haplotype was associated with knockdown resistance in permethrin-resistant populations of head lice from different parts of the United States, i.e., head lice populations phenotyped to have high frequency of permethrin resistance had high frequency of the resistant allele; but in one permethrin-resistant strain, the resistance were synergized by piperonyl butoxide, which inhibits monooxygenases , Yoon et al. 2004 ). Thus, multiple resistance mechanisms occur against permethrin.
The objectives of this study are to investigate the presence and the incidence of the T929I-L932F mutations in head lice from Denmark and to develop and implement a simple and fast method for determination of permethrin resistance in head lice. Sequence determination of genomic polymerase chain reaction (PCR)-ampliÞed fragments from a number of individuals also should reveal whether the different genotypes have multiple origins. This research is the Þrst step in a larger survey of insecticide resistance in head lice in Denmark.
Materials and Methods
Head Lice. Lice were collected from heads of infested children in Denmark. In school A, head lice where found on three of 42 children combed. One child had one louse, whereas two children had Ͼ50 lice of different developmental stages. In school B, head lice where found on four of 29 children combed. Two children had Ͼ50 lice of different developmental stages. One child had 19 newly hatched head lice, and one child had two female and 10 male head lice. In school C, head lice where found on seven of 88 children combed. One child had Ͼ50 lice, whereas the remaining children had from three to 17 lice of different developmental stages. The Danish Pest Infestation Laboratory (DPIL) sample was from a child with Ͼ200 head lice combed at the laboratory.
Genomic DNA Extraction. Genomic DNA was extracted from individual adult or nymphal head lice by DNAzol (Invitrogen, Carlsbad, CA). A louse was homogenized in 100 l of DNAzol by using a sterile plastic pellet pestle (Kontes, Vineland, NJ). After 30-min incubation, the homogenate was centrifuged for 10 min at 10,000 ϫ g at room temperature. The supernatant was transferred to a tube, and DNA was precipitated by adding 60 l of 96% ethanol. The sample was cooled to Ϫ20ЊC for 20 min, and the DNA pelleted by centrifugation at 10,000 ϫ g for 7 min. The DNA pellet was washed by ice-cold 70% ethanol, airdried, and suspended in 25 l of 8 nM NaOH.
PCR-Restriction Endonuclease (REN) Assay. To genotype each head louse for the presence of the T929I and L932F replacements in the sodium channel, a PCR-REN method was developed based on the report of Lee et al. (2003) . A nested PCR with two outer primers (5ЈBL5ЈGN: GAGTCTTCAAATTGGCCAAATC-GTG; and 3ЈSP1: CATTGTCAGCGGTGGGAGCAGA) and two inner primers (5ЈSP1L: CCCACGTTAAATT-TATTAATTTCAA; and 3ЈSP5N: GATAAACTAGAGG-AACCGAAATT) ampliÞed a 561-bp fragment. Cutting the fragment with SspI (New England BioLabs, Beverly, MA) gives a diagnostic restriction enzyme pattern for resistant and susceptible genotypes as well as identiÞes heterozygotes. The PCR was 25-l reactions performed in thin-welled microcentrifuge tubes by using the optimized reaction conditions: 1 l of genomic DNA prepared as described above from single head lice, 10 pmol of each primer, 2.5 l of 10ϫ PCR buffer, 1 pmol of dNTP mix, 1 mg ml Ϫ1 bovine serum albumin, and 1 U of TaqDNA polymerase. AmpliÞcation conditions were of 95ЊC for 1 min followed by 35 cycles, each consisting of denaturation at 94ЊC for 30 s, annealing at 56ЊC for 30 s, extension at 72ЊC for 60 s, and a Þnal extension step at 72ЊC for 10 min. Ten microliters of ampliÞed fragments was digested by SspI and analyzed by 3% agarose gel electrophoresis and visualized by ethidium bromide staining under UV light.
Sequencing of DNA Fragments. The PCR fragments were puriÞed by QIAquick PCR puriÞcation kit (QIAGEN, Valencia, CA) and were sequenced in both directions by the primers used for ampliÞcation or two sequencing primers (Lus7: TTCAATTATGGGTCGA; and Lus8: CCGAAATTTGAGAGTA) with dye terminators on an ABI PRISM377 DNA sequencer (MWGBiotech, Ebersberg, Germany). The sequences were assembled and analyzed with the Sequencher program (Gene Codes Corporation, Ann Arbor, MI).
Results and Discussion

T929I-L932 F Haplotypes in Danish Head Lice.
To evaluate the presence of the T929I and L932F mutation in Denmark, head lice were collected from several different schools by combing. Genomic DNA was prepared from 43 lice, and a 561-bp fragment of the sodium channel gene was ampliÞed by PCR. The 561-bp fragment was determined to be a fragment of the sodium channel gene, compared with the published cDNA sequence GenBank AY191156 . In the ampliÞed genomic sequence, the coding sequence were interrupted by two introns (Fig. 1) .
Three different sequences were identiÞed in our material (Fig. 1) . A susceptible unaltered sequence (GenBank DQ062567), which was found in 10 lice; the T929I-L932 F kdr-like mutation (GenBank DQ062568), which was identiÞed in 32 lice, and of these six seemed to be heterozygotes as determined by visual inspection of the nucleotide sequence chromatograms (Table 1) ; and one louse (ph45) had a different phenotype (GenBank DQ062569).
There was no variation among the 10 susceptible and the 32 kdr sequences. In the coding sequence, the only variation between the susceptible and the kdr sequences was the two C3 T single nucleotide polymorphisms (SNPs), causing the T929I-L932 F substitutions that lead to the resistance haplotype. Comparison of the introns showed seven SNPs.
The presence of the kdr-like T929I-L932 F haplotype that has been linked to permethrin resistance , Yoon et al. 2004 ) was shown in Danish head lice populations, and the one susceptible and one kdr-like haplotype were established based on the limited number of SNPs in these sequences. A comparison of haplotypes from multiple geographic origins would be interesting.
New Sodium Channel Mutation. One louse had a different nucleotide sequence (ph45), with a G3 C SNP causing a G943A substitution (Fig. 1) . The ph45 sequence was susceptible T929-L932, but it had a distinct intron. Compared with the susceptible sequence, it had Þve SNPs, whereas it only had two compared with the kdr-like allele (Fig. 1) . The G943A mutation is like the T929I-L932 F mutations occurring in the trans-membrane segment Þve of domain II on the sodium channel and has not been identiÞed in other insect species.
Establishment of a kdr Genotyping Technique. The C3 T SNP that predicts the T929I substitution also creates a cutting site for the restriction endonuclease SspI. A screening of the PCR fragment identiÞed an additional cutting site for SspI in both the susceptible and the kdr sequences (Fig. 1) . The presence of one or two SspI cutting sites in head lice would thus be diagnostic for the T929I-L932F haplotype. A susceptible head louse can be identiÞed by two bands of 429 and 131 bp after cutting with SspI (Fig. 2) . A T929I-L932F head louse can be identiÞed by three bands of 370, 131, and 60 bp after cutting with SspI (Fig. 2) . Four bands, 429, 370, 131, and 60 bp, are indicative of the heterozygote (Fig. 2) .
Individual head lice were genotyped without knowing their sequences. The genotyping was doubtful in two of the 43 lice. In one louse, the amount of PCR product was low, and the PCR-REN expected a sus-ceptible or heterozygote outcome, and the sequencing showed susceptible. Another louse was expected to be heterozygote, but the susceptible bands were weak. This Þnding was conÞrmed by sequencing where the kdr-like and the susceptible sequences were disproportionate. This outcome could be because of contamination and not a true heterozygote. Testing of the 43 head lice by PCR-REN conÞrmed the sequencing results (Table 1) , but Ϸ5% of the individuals should be expected to be doubtful in a larger survey. Repeating questionable results could decrease this number. The frequency of the T929I-L932 F kdr-like haplotype was 0.67 in this relatively small sample from four different locations. A larger survey will be needed to conÞrm the pyrethroid resistance status of Danish head lice populations. Persistent cross-resistance is possible, because DDT-resistance in Danish head lice was reported in the 1970s (Rosdahl 1975) , and permethrin has been widely used for head lice control for the past two decades in Denmark.
The G943A haplotype also could be determined diagnostically by the restriction endonuclease BsmI (Fig. 1) , which cut both the susceptible and the kdr alleles, whereas an allele with the G3 C SNP, causing the G943A substitution, was not cut.
A PCR-REN method using genomic DNA to discriminate between resistant and susceptible sodium channel gene alleles in head lice was implemented. The technique allows for easy discrimination of three genotypes by the number of bands detected on an agarose gel. The advantage of the PCR-REN method is low price and minimal equipment (PCR machine and a gel electrophoresis apparatus) to run the test. However, a major disadvantage with the PCR-REN technique is that any new alleles, such as the G943A, which does not change the potential restriction enzymes site, are not detected. Most other PCR diagnostics, e.g., TaqMan assay (Daborn et al. 2004) or the serial invasive signal ampliÞcation reaction recently developed for genotyping of permethrin-resistant head lice (Kim et al. 2004) , are costly to establish, and new resistance-causing alleles are not detected. An advantage of these techniques is that no gels need to be run. 
